Introduction
Poly(amidoamine) (PAMAM) dendrimers are the first complete dendrimer family to be synthesized, characterized and commercialized (Esfand and Tomalia, 2001) and are recognized as a unique new class of synthetic nanostructures. Dendrimers allow the precise control of size, shape and placement of functional groups that is advantageous for many life science applications. Their systematically variable structural architecture and large internal free volume make these dendrimers an unique class of molecule for various biomedical applications including drug (Na et al, 2006 , Yiyun et al., 2005 , DNA (GuillotNieckowski et al., 2007 , Kukowska Latallo et al., 1996 , and siRNA (Zhou et al., 2006) delivery, and as MRI probes (Dear et al., 2006 , Swanson et al. 2008 etc.
PAMAM dendrimers contain a 2carbon ethylenediamine core on which the terminal amidoamines are attached yielding a highly branched radial structure having tertiary amine branches and primary amino groups on the surface. With the successive generations (G0G10) the diameter and the number of surface amino groups systematically increase ( http://www.dendritech.com/pamam.html).
It is reported however that PAMAM dendrimers induce oxidative stress by producing reactive oxygen species (ROS) (Lee et al., 2009) and can lead to a cytotoxic response (Mukherjee et al., 2010; Naha et al., 2009 . Although the response is mild, the molecular definition and the systematic variability of the size and structure of the PAMAM dendrimers render them an ideal material in which to study cytotoxic responses and elucidate their mechanisms. In both mammalian (Mukherjee et al., 2010) and ecotoxicological (Naha et al., 2009 ) studies, clear structure -activity relationships have been demonstrated, indicating that the toxicity increases in proportion to the surface area or number of surface groups.
In this study, the mechanism of PAMAM toxicity is further explored in terms of generation dependant ROS production, cellular lysosomal activity, apoptosis and DNA damage.
Relationships between the responses of the standard cytotoxicity assays MTT, Alamar Blue (AB) and Neutral Red (NR) assays are also elucidated and further framed within the context of ROS production, lysosomal activity, apoptosis and DNA damage.
Materials and Methods

Test materials
Polyamidoamine (PAMAM) dendrimers, G4, G5 and G6, were purchased from Sigma Aldrich Ltd. (Ireland). All the particles have an ethylenediamine core and PAMAM G4, G5 and G6 have respectively 64, 128 and 256 functional primary amino groups on the surface. The molecular weights of PAMAM G4, G5 and G6 are 14, 215 Da, 28, 826 Da and 58,048 Da respectively. The nominal diameters of the PAMAM G4, G5 and G6 dendrimers are 4.5, 5.4 and 6.7 nm respectively (http://www.dendritech.com/index.html).
Reagents
3(4,5dimethylthiazol2yl)2,5diphenyltetrazolium bromide (MTT) and Neutral Red (NR) were purchased from Sigma Aldrich Ltd. (Ireland). Alamar Blue (AB) was purchased from Biosource (UK). Cell culture media and supplements were purchased from Sigma Aldrich (Ireland) and Bioscience (Ireland). 5(and6)carboxy2',7'dichlorofluorescein diacetate (carboxyH 2 DCFDA), LysoSensor TM Green DND189, Lysotracker ® Green DND26 and MitoTracker ® Orange CMH 2 TMRos was purchased from Invitrogen (Ireland). Vibrant apoptosis assay kit YOPRO ® 1/ propidium iodide was purchased from Molecular Probes TM , Invitrogen (Ireland). APODIRECT TM KIT was purchased from BD Biosciences Pharmingen TM (U.K.).
Cell Culture
HaCaT cells, an immortal noncancerous human keratinocyte cell line, (kindly provided by Prof.
Dr. Boukamp, Heidelberg) and SW480 cells (ATCC, CCL228), a primary adenocarcinoma cell line of the colon, were employed for testing. SW480 cells were cultured in Dulbecco's Modified Eagle's Meduim Nutrient Mixture F12 HAM with 2mM Lglutamine supplemented with 10% fetal bovine serum (FBS), 45 IU ml 1 penicillin and 45 IU ml 1 streptomycin at 37ºC in 5% CO 2 .
HaCaT cells were cultured in the same cell culture medium under the same conditions with the addition of 1µg/ml hydrocortisone.
Preparation of Dendrimer solutions
Dendrimer test solutions were prepared in the respective cell culture media. They were readily soluble in the media at 37ºC and were dispersed uniformly by low speed vortex. The concentration ranges used for the cytotoxicity assays with G4, G5 and G6 were 0.0121.1 µM, 0.035.2 µM and 0.015.168 µM respectively for HaCaT cells and 0.017.03 µM, 0.035.2 µM and 0.015.168 µM respectively for SW480 cells. Concentration ranges were chosen as identified in a previous study of PAMAM dendrimer cytotoxicity (Mukherjee et al., 2010) . For ROS, Lysosensor, Lysotracker and Mitotracker studies, the concentrations used for HaCaT cells with G4 were 1.6 23.2 µM, with G5 were 0.5 5.75 µM and with G6 were 0.5 3.17 µM. For ROS in SW480 cells the concentrations used for G4 were 0.72 10.8 µM, for G5 were 0.18 4.33 µM, and for G6 were 0.58 1.87 µM. For the apoptosis study the concentrations used for HaCaT cells with G4 were 3.21 23.16 µM, with G5 were 1.07 5.75 µM, and with G6 were 1.02 3.17 µM. In the TUNEL assay, PAMAM G4 was used at concentrations of 3.17 µM and 23.16 µM, G5 at a concentration of 3.17 µM and 5.75 µM, and G6 at a concentration of 3.17 µM.
2.5. Alamar Blue (AB) and Neutral Red (NR) assays AB and NR assays are standard cytotoxicity assays. The AB assay measures the general cellular metabolism (O'Brien et al., 2000) , whereas the NR assay measures the lysosomal activity of the cell (Repetto, 2008 , Yang, 2007 . For the AB and NR assays, cells were seeded in 96well microplates (Nunc, Denmark) at a density of 1× 10 5 cells/ml in 100 µl of respective media containing 10% FBS. After 24 h of cell attachment, plates were washed with 100 µl/well PBS and the cells were treated with increasing concentrations of each generation of dendrimer, prepared in 5% FBS containing media for 24 h. All incubations were performed at 37°C in a 5% CO 2 humidified incubator. Six replicate wells were used for each control and test concentrations per microplate.
The AB followed by the NR assays were conducted consecutively on the same set of plates. The assays were carried out according to the manufacturer's instructions. Briefly, control media or test exposures were removed; the cells were rinsed with PBS and 100 µl of AB/NR medium (5% [v/v] solution of AB and 1.25% [v/v] of NR dye) prepared in fresh media (without FBS or supplements) were added to each well. After 3 h incubation, AB fluorescence was measured at the respective excitation and emission wavelengths of 531 nm and 595 nm in a VICTOR 3 V TM 1420 Multilabel Counter (Perkin Elmer, USA). Wells having only AB and media were used as blanks. After measurement, the wells were then washed with PBS and 100 µl of NR fixative (50% ethanol, 49% dH 2 O and 1% glacial acetic acid) were added to each well and the plates were shaken at 240 rpm for 10 min. The NR fluorescence was then measured at the excitation and emission wavelengths of 531 nm and 642 nm respectively in the same instrument. For both assays, mean fluorescent units for the six replicate cultures were calculated for each exposure treatment.
2.6. MTT (3[4, 5Dimethylthiazol2yl] 2,5diphenyl tetrazolium bromide) assay MTT assay is also a standard cytotoxicity assay and measures the mitochondrial metabolism of the cell from its mitochondrial oxidoreductase enzyme activity (Loveland et al., 1992) . A parallel set of plates was set up for the MTT assay and seeded and exposed in an identical manner as described in section 2.5.1. After 24 h of PAMAM dendrimer exposure, the medium for the control or test exposures was removed, the cells were washed with PBS and 100 µl of freshly prepared MTT in media (5 mg/ml of MTT in media [without FBS or supplements]) were added to each well. After 3 h incubation, the medium was discarded and the cells were rinsed with PBS and 100 µl of MTT fixative solution (isopropanol with 0.04 N HCl) were added to each well and the plates were shaken at 240 rpm for 10 min. The absorbance was then measured at 595 nm in a TECAN GENios (Grodig, Austria) plate reader.
Lysosensor, Lysotracker & Mitotracker study:
The HaCaT cells were seeded at a density of 1x10 6 cells/ml in glass bottom petri dishes for confocal fluorescence microscopic study and 1x10 5 cells/ml in 96 well microplates for quantitative study using the plate reader, in 10% FBS supplemented media and incubated at 37°C in 5% CO 2 for 24 h for cell attachment before exposure to the dendrimers. Six concentrations of each generation of dendrimer were prepared in 5% FBS supplemented media and the cells were exposed for 24 h. Following the exposure period, the cells were washed twice with prewarmed PBS (37°C). The Lysosensor/Mitotracker dye solution was prepared using concentrations of 2 µM and 250 nM respectively in prewarmed PBS. Cells were stained with the dye solution for 30 mins in a 37°C, 5% CO 2 incubator. Following staining, the cells were washed 3 times with pre warmed PBS to ensure complete removal of unloaded dyes. Confocal microscopic images were then taken using a Zeiss Confocal Fluorescence Microscope (LSM 510 META, Version 3.2 SP2, Carl Zeiss, Germany). For the Lysosensor assay, the excitation wavelength used was 488 nm and the fluorescence emission was detected using a 505530 nm band pass filter. For the Mitotracker assay, the excitation wavelength used was 543 nm and the fluorescence emission was detected using a 560 nm long pass filter. Lysosomal activity was also quantified with Lysosensor and Lysotracker dye in a TECAN GENios (Grodig, Austria) plate reader. The Lysosensor dye used in this assay is a pH sensitive dye and can only quantify lysosomes of pH 5.2. It has recently been indicated that localisation of G5 PAMAM denrimers in lysosomes can cause an increase in pH, however (Thomas et al, 2009 ). Thus Lysotracker, independent of the pH, was employed for quantifying cellular lysosomal activity. For this study, HaCaT cells were seeded in 96 well microplates at a density of 1x 10 5 cells/ml in 100 µl of respective media containing 10% FBS.
Following 24 h cell attachment the cells were washed with prewarmed PBS and exposed to 6 different concentrations of PAMAM of each generation. After 2, 4, 6 and 24 h exposures, the cells were washed twice with PBS and stained with 2 µM Lysosensor and 75 nM Lysotracker separately in PBS in two independent experiments for 30 mins in a 37°C, 5% CO 2 incubator.
Then the cells were washed 3 times with prewarmed PBS to ensure complete removal of unloaded dyes and the measurement was undertaken in the plate reader at excitation and emission wavelengths of 488nm and 535nm respectively.
Intracellular Reactive Oxygen Species Study:
CarboxyH 2 DCFDA dye was used to study the intracellular reactive oxygen species generation in HaCaT cells. The study was performed in black 96well microplates (Nunc, Denmark), wherein the cells were seeded at a density of 1x 10 5 cells/ml in 100 µl of respective media containing 10% FBS. After 24 h of cell attachment, the cells were washed twice with 100 µl/well PBS and carboxyDCFDA dye was added at a concentration of 10 µM in 100 µl/well and the plates were kept in a 37°C, 5% CO 2 incubator for 1 h. Following incubation, the dye solution was removed, the cells were washed twice with 100 µl/well PBS and were treated with 6 concentrations of each generation of dendrimer, prepared in 5% FBS containing media. The fluorescence measurement of the oxidized DCFDA dye was measured between 1 h to 4 h and after 24 h exposures in HaCaT cells and between 30 min to 6 h and after 24 h exposures in SW480 cells at the respective excitation and emission wavelengths of 490 nm and 545 nm in a TECAN GENios (Grodig, Austria) plate reader. The HaCaT cells were also seeded at a density of 1x10 6 cells/ml, in glass bottom petri dishes for confocal fluorescence microscopic study. After 24 h of cell attachment, the cells were washed twice with PBS and carboxyDCFDA dye was added at a concentration of 10 µM and the Petri dishes were kept in a 37°C, 5% CO 2 incubator for 1 h. Following incubation, the dye solution was removed, the cells were washed twice with PBS and were treated with 1 µM concentrations of G6 dendrimer, prepared in 5% FBS containing media. Following 1 h and 24 h exposures, the cells were washed twice with pre warmed PBS (37°C). The Mitotracker dye solution was prepared at a concentration of 250 nM in prewarmed PBS. Cells were stained with the dye solution for 30 mins in a 37°C, 5% CO 2 incubator. Following staining, the cells were washed 3 times with prewarmed PBS to ensure complete removal of unloaded dyes. Confocal microscopic images were then taken immediately using a Zeiss Confocal Fluorescence Microscope (LSM 510 META, Version 3.2 SP2, Carl Zeiss, Germany).
Apoptosis study:
This study was performed using a Partec Flow Cytometer (Partec UK Limited, U.K.). The
HaCaT cells were seeded in 6 well plates at a density of 1x10 5 cells/ml in 10% FBS media and incubated in a 5% CO 2 incubator at 37°C for 24 h for cell attachment. The cells were then exposed to 3 concentrations of dendrimers for 24 h. Following exposure, the cells were washed twice with prewarmed PBS and were collected by trypsinization, whereafter the trypsin was removed by centrifugation. The cells were then washed twice with prewarmed PBS and stained with the YOPRO1/Propidium iodide dyes where 1 µl of each dye was used to stain 1x10 6 cell/ml. The cells were then incubated on ice for 30 min and then analysed in the flow cytometer within 1.5 h.
TUNEL assay (Terminal dUTP NickEnd Labelling assay):
For the TUNEL assay, HaCaT cells were seeded in T25 flasks at a density of 1x10 6 cells/ml, and following 24 h dendrimer exposure, were washed twice with PBS and collected in respective vials by trypsinization. The cells were then fixed with 4% paraformaldehyde in PBS (pH 7.4) and stored in 70% ethanol at 20°C for 24 h. The cells were then stained following the APO DIRECT TM KIT (BD Pharmingen TM , U.K.) protocol and were analysed in the Partec Flow Cytometer (Partec UK Limited, U.K.).
Statistics
Fluorescence, as fluorescent units (FUs), and absorbance were all quantified using either of two microplate readers (VICTOR 3 V TM 1420 Multilabel Counter, Perkin Elmer, USA and TECAN GENios, Grodig, Austria) for the MTT, AB, NR, Lysosensor, Lysotracker and ROS assay. The apoptosis study and TUNEL assay were performed using a Partec Flow Cytometer (Partec UK Limited, U.K.) where the analyses were performed using MoFlo ® and CyAn TM ADP Summit software (Version 4.3, DAKO, Denmark). The gating used for apoptosis analysis is presented in Figure 9 . Experiments were conducted in at least triplicate (three independent experiments). The quantitative measurement of all the assays were expressed as mean percentage increase relative to unexposed control + SD. Control values were set at 0%. Statistical analyses were carried out using the paired Student's ttest in Microsoft ® Excel (ID Business Solutions, UK) where 95% significance levels were accepted.
Results
AB, NR, MTT assay:
A generation dependent toxic response of PAMAM dendrimers, whereby the toxicity increases with increasing generation has already been reported (Table 1, reproduced from Mukherjee et al., 2010) . In the 24 h exposure study, the MTT assay was found to be most sensitive, the NR assay the least. In general, SW480 cells were seen to exhibit a higher sensitivity to the dendrimers than the HaCaT cells, however, using the NR assay, at lower concentrations of all three PAMAM generations, an apparent stimulatory response was found in HaCaT cells (Figure 1 ) but was not as prominent in SW480 cells ( Figure 2 ). In HaCaT cells, this apparent stimulatory response is similarly generation dependent, G6 showing the highest stimulatory response and G4 the lowest.
The concentrations which elicit the response are also dependent on generation, G6 at the lowest, G4 the highest. A similar trend is apparent in the SW480 cells, although the standard deviation of the measurements is larger than the generation dependent variations. The results also suggest that the concentration at which the highest stimulatory response is observed for each dendrimer is directly correlated with the EC 50 concentration found in the MTT assay and that the toxic/non toxic transition concentration (or threshold concentration) found in the NR assay correlates well with the EC 50 concentration found in AB assay (Figure 3 ). Such a correlation is observed for all 3 dendrimer generations suggesting origin in the underlying response mechanisms and thus the toxic pathway in HaCaT cells was investigated further in this study.
Lysosensor, Lysotracker & Mitotracker study:
The lysosomal activity and mitochondrial content was investigated using confocal fluorescence microscopy ( Figure 4) and was also quantified using the plate reader ( Figure 5 ). At concentrations below the EC 50 concentrations found in the MTT assay, an increased lysosomal activity compared to unexposed negative control cells was observed in HaCaT cells after 24 h exposure to all three dendrimer generations, but notably this activity was not observed within the first 6 h of dendrimer exposure where the lysosomal activity was found to be lower than the control ( Figure 5 ). The increase in lysosomal activity is also dependant on the generation of PAMAM, whereby G6 showed highest lysosomal activity and G4 the lowest. Such significant lysosomal stimulatory activity was not observed after 24 h exposure of PAMAM in the lysotracker assay in SW480 cells. However, a small increase was observed between 1.5 µM to 1.87 µM of PAMAM G6 concentration after 6 h exposure (data not shown). The Mitotracker study using confocal microscopy showed a decrease in mitotracker staining with increasing PAMAM concentration and followed the trend observed in the MTT assay ( Figure 4 ). This study was conducted to visually counter prove the observations from MTT assay at that concentration range.
Intracellular Reactive Oxygen Species Study:
The ROS study suggests that, in both HaCaT and SW480 cells, ROS is produced in a biphasic
way. An initial increase in ROS levels was observed during the first hours but this decreased (Figure 6 .a). In SW480 cells, an initial increase is evident in the first hour of exposure which decreases at one and half hours of exposure. The amount of ROS generation was again generation dependant, whereby at times ≤ 1h, G6 produced the most ROS and G4 the least ( Figure 6.b) . For SW480 the late increase of ROS was evident from 2 h exposure, where G4 generated more intracellular ROS than G5 and G6 and reached its maximum levels after 4 h exposure, while after 24 h exposure the intracellular ROS falls below the control (Figure 6.b) .
The confocal microscopic study on HaCaT cells confirms that the majority of ROS is generated in the mitochondria, while some was found in some vesiclelike sacs (Figure 7) . The maximum amount of ROS was found to be produced at or below the EC 50 concentration found in the MTT assay ( Figure 8 ).
Apoptosis study
The apoptosis study of HaCaT cells exposed to G4, G5 and G6 dendrimers suggest that with increasing concentration, the percentage of healthy and early apoptotic cells decreases, whereas the late apoptotic and dead cell populations increases (Table 2 ). It is notable that the decay of the healthy population is monotonic from the lowest concentrations. The two dyes used in the apoptotic study are YoPro ® 1 and Propidium iodide (PI). YoPro ® 1 can enter apoptotic cells whereas PI cannot. Thus YoPro ® 1 staining indicates both the apoptotic (early and late) and the dead or necrotic cells, whereas PI staining only indicates the late apoptotic and the dead or necrotic cells (manufacturer's manual http://probes.invitrogen.com/media/pis/mp13243.pdf). In the experiment, more YoPro ® 1 staining was observed at lower concentration of dendrimers whereas with increasing dendrimer concentration PI staining gradually increased. This confirms that the cells are entering the apoptotic pathway in this concentration range before dying. For PAMAM G6, at lower concentrations, more apoptotic cells were found in comparison to G5 and G4. At the highest concentration used in this study, i.e., the EC 50 concentration of each PAMAM found in the NR assay, comparing the apoptotic population with the generation of PAMAM, it was found that the healthy and early apoptotic cell population decreases with increasing generation of PAMAM (G4>G5>G6), whereas the late apoptotic and necrotic cell population increases with generation (G4<G5<G6) ( Table 2 ). The EC 50 concentrations found in the NR assay for each dendrimer also decreases with increasing generation of PAMAM (G4>G5>G6). Therefore, with increasing generation of PAMAM, cells enter apoptosis at a lower dose than the previous generation.
TUNEL assay:
The TUNEL assay data further demonstrates a generation dependent toxicity. At a 3.17 µM PAMAM exposure of HaCaT cells, G4, G5 and G6 showed 4.69%, 25.87% and 89.63% DNA breakage respectively (Figure 10.a) . The percentage damage at a fixed concentration is seen to be almost linearly correlated with the number of surface amino groups per generation, and therefore with the molar concentration of amino groups (figure 10.b). It was also found that at the EC 50 concentration from the NR assay, 23.16 µM, 5.75 µM and 3.17 µM for G4, G5 and G6 respectively, the level of DNA breakage for PAMAM G6 remains saturated (89.63%), whereas those for G5 have increased to 73.44% and for G4 to 9.36%. (Figure 10.b) .
Discussion
The results of the cytotoxicity study have been previously reported (Mukherjee et al., 2010), whereby the toxicity of the PAMAM dendrimers was found to increase with increasing dendrimer generation, and therefore number of surface amine groups, for both HaCaT and SW480 cells and all end points (Table 1 ). The SW480 cell line, however, displayed a significantly higher response to dendrimer exposure. Although a significantly different sensitivity was seen for the three assays employed (NR, AB, MTT) there appears to be a systematic relationship between the responses of the different assays ( Figure 3) .
Notably, a generation dependant stimulatory dose response was observed in the NR assay in HaCaT cells (Figure 1 ). With increasing generation and therefore diameter, zeta potential and number of surface amino groups of the dendrimers, the maximum stimulatory response increases in the order G4(16%) < G5(17%) < G6(25%), although the dose of the maximum response and the toxic/nontoxic transition dose decreases with increasing generation (Figure 1) . It was also observed that the maximum stimulatory activity found in the NR assay correlates well with the EC 50 of the MTT assay, whereas the toxic/nontoxic threshold concentration found in the NR assay correlates well with the EC 50 found in the AB assay ( Figure 3 ) for all generations. Such a stimulatory response was not as pronounced in the response of the NR assay in SW480 cells ( Figure 2) . Given the systematic nature of the observed responses, a further examination may lead to a greater understanding of the underlying mechanisms.
The NR assay is commonly employed as a viability assay and is based on the uptake of neutral red dye by living cells in its lysosomes (Repetto, 2008 , Yang, 2007 . Reduced viability therefore results in reduced uptake of the dye. The apparent stimulatory response in the NR assay observed here is therefore an indication of the increase of intracellular lysosomes in the presence of low doses of dendrimers in HaCaT cells.
A commonly accepted paradigm for nanoparticle cytotoxicity is one of endocytosis, encapsulation in endosomes and then lysosomes, and the increased lysosomal activity observed at low doses could point towards such a mechanism. However, such a mechanism is reported primarily for anionic particles, and cationic particles have been shown to localise in lysosomes. However, whereas PAMAM G1.5COOH showed a high degree of localisation in early stage lysosomes (58.7 %), the G2NH 2 dendrimer showed considerably less (37.3%), although the degree of colocalisation increased with time. Therefore, full generation cationic dendrimers behave differently than their half generation anionic counterparts. Notably, LAMP1 was employed to colocalize dendrimers in the lysosomes, although it has been reported that LAMP proteins are not solely confined to lysosomes but can also be found in endosomes as well as at the cell surface (Gough and Fambrough, 2007) . The late increase of lysosomal activity found in our study at low doses of full generation cationic PAMAM G4, G5 and G6 is consistent with the late trafficking of these higher generations of PAMAM to the lysosomes. The differentiation in trafficking mechanisms between anionic and cationic dendrimer particles is most likely increased with increasing generation and surface charge. In the current study, the lysosomal activity is observed to be less than control at the early stages up to 6 h. The absence of lysosmal activity at this stage suggests that, potentially after early endosomal transport, the dendrimers are released into the cytosol where they are free to interact with intracellular membrane structures. PAMAM dendrimers of higher generations are proposed to be good DNA, siRNA transfection agents, through a mechanism of entry through the endosomal pathway and release into the cytoplasm by the proton sponge hypothesis, thereby avoiding lysosomal degradation (GuillotNieckowski et al., 2007; KukowskaLatallo et al., 1996; Zhou et al., 2006 . Such a proton sponge mechanism may however be concentration dependent and at low concentration, the dendrimers by enter the cytosol via other possible ways, e.g., through nanohole formation in the cell membrane (Hong et al., 2006) . Figure 11 . Indeed, the cytotoxicity data (Mukherjee et al., 2010) demonstrated the MTT assay to be the most sensitive assay. ROS levels generated are dependent on the dendrimer generation, as is the final toxic response.
The intracellular ROS generation study has suggested that in HaCaT cells, ROS is generated in a biphasic way upon PAMAM exposure. Maximum ROS was generated in the first few hours of PAMAM exposure and the time of maximum initial ROS was also generation dependant.
PAMAM G6 induces maximum ROS after 1 h exposure, G5 after 2 h exposure and G4 after 3 h of exposure. After this period, the levels of intracellular ROS were gradually decreased, but a late ROS generation was observed after 24 h of exposure and the amount of ROS is again generation dependant, whereby PAMAM G6 generates the maximum and G4 the least ( Figure   6 ).
In SW480 cells, this biphasic ROS generation was also observed but not as distinctly as in
HaCaT cells (Figure 6.b) . In the first hour of exposure, the intracellular ROS increased and then reduced after one and half hours of exposure. The delayed ROS production began after 2 h exposure and reached a maximum after 4 h exposure. After 24 h exposure, the intracellular ROS in SW480 cells was found to be below the unexposed controls. This difference in ROS generation in these two cell lines and the higher sensitivity of SW480 cells than HaCaT cells from the standard cytotoxicity assays can be linked to the significant difference in the natural antioxidant levels (e.g.,GSH) in these two cell lines (Snow et al., 2005; Nakagawa et al., 2002 .
It is reported that higher constituent levels of cellular antioxidants, redox enzymes etc. help the cell to protect itself from the oxidative stress caused by an external agent, e.g., arsenic (Snow et al., 2005) . The average activities of three important intracellular redox agents, glutathione (GSH), glutathioneStransferase, and glutathione reductase are approximately three times higher in WI38 fibroblast cells than in HaCaT cells and therefore upon 24 h exposure to arsenic HaCaT cells are 50% more susceptible to cell death than WI38 cells (Snow et al., 2005) . The natural intracellular glutathione (GSH) level of HaCaT cells is 7300 nmol/mg protein (Snow et al., 2005) whereas that of SW480 cells is ~40 nmol/mg protein (Nakagawa et al., 2002) . The higher level of antioxidants in HaCaT cells is therefore consistent with their greater tolerance to oxidative stress and thus lower toxic response.
The cytotoxicity study shows the MTT assay to be the most sensitive assay (Mukherjee et al., 2010) . This suggests that PAMAM dendrimers cause mitochondrial toxicity (Freimoser et al., 1999) leading to mitochondrial metabolic death and oxidative stress, on a time scale of 14 h.
The AB assay is less sensitive, indicating that the basic cellular metabolism and proliferative capacity are affected to a lesser degree than the mitochondria (O'Brien et al, 2000) . The highest stimulatory concentration where maximum lysosomal activity was found correlates directly to the EC 50 concentration found in the MTT assay, indicating that at these concentrations the mitochondrial metabolism has been dramatically affected (Figure 3) . The lysotracker and lysosensor study in HaCaT cells showed that the increase in lysosomal activity occurs after 24 h.
HaCaT cells, in the presence of ROS, increase the intracellular concentration of Cu, Zn superoxide dismutase in the first stage of exposure to reduce ROS and then later Mnsuperoxide dismutase to continue the cellular resistance (Sasaki et al., 1997; Sasaki et al, 2000 . Among different ROS scavengers, the glutathione (GSH) dependant system is of great importance (Mates, 2000) . The notable increase in lysosomal activity found in HaCaT cells but not in SW480 cells may point towards higher resistance to the toxicant over a higher dose range in
HaCaT cells in comparison to SW480 cells.
With increasing generation of PAMAM dendrimer, more intracellular ROS are generated which results in damage to the mitochondrial metabolism, registered by the MTT assay. The intracellular antioxidants at this time neutralize the initial ROS generated by PAMAM to some extent, depending on the cell type and the natural antioxidant levels, and as a result the intracellular ROS levels decrease. After prolonged exposure however, this cellular defence mechanism is impaired and the subsequent rise in ROS levels results in death of the cell. As a regular cellular defensive mechanism, lysosomes then come into play to digest and neutralize the dendrimers and their effects and as a result an increase in lysosomal activity is observed at 24 h exposure ( Figure 5 ). It is furthermore conceivable that the increased lysosomal activity can be an indication of mitophagy, whereby mitochondria are degraded by lysosomes to eliminate damaged organelles (Maiuri et al., 2007, Shelburne and Trump, 1973) . With increasing PAMAM concentration however, the lysosomal membrane integrity is disrupted, initiating further apoptosis, DNA damage and cellular death. At low concentrations, DNA damage is approximately linearly dependent on number of surface amine groups per dendrimer and thus with molar concentration of -NH 2 , (Figure 10b ). However, with increasing concentration, the levels per generation tend towards saturation at ~90%. Notably, at the EC50 value of NR, the percentage DNA damage levels are not equal, confirming that in these systems, NR is an indicator of lysosomal activity but not viability, directly.
The apparent systematic relationship between the cytotoxicity assays indicates that at a concentration when 50% of the mitochondrial metabolism (EC 50 from MTT assay) has been affected by PAMAM exposure, the lysosomal activity increases to the maximum to neutralize the effect, and as a result the stimulatory activity in the NR assay is maximum at that concentration. At a concentration when the basic cellular metabolism was affected by 50% (EC 50 from AB assay), the lysosomal activity and therefore the cellular defence mechanism is already significantly compromised and the lysosomal activity has reduced to the levels of the control.
With further increase in PAMAM concentration, the lysososmal activity is further reduced which may indicate further damage to the lysosomal membrane and its integrity leading to further increase in apoptosis rates and cellular death.
Conclusions
The toxic pathway of the cationic PAMAM dendrimers is confirmed as localisation in the mitochondria leading to ROS production and resulting in oxidative stress, apoptosis and DNA damage. Beginning with ROS production, all processes are systematically generation dependent, further illustrating the importance of such structurally controlled and defined species for the study of the underlying toxic mechanisms. The differences observed between the different cytotoxicity assays can be understood in terms of the effect of the sequence of events on the cellular mechanisms. It is suggested that the differences in the responses of the two cell lines is based on differences in intrinsic levels of antioxidants, the first line of defence against the toxic pathway. 
